Regulation of the photosynthetic carbon reduction cycle with reconstituted chloroplast systems has been studied in several laboratories. These studies have established the reconstituted chloroplast system as a useful research tool to elucidate questions not readily resolved with the intact chloroplast due to a permeability barrier imposed by its envelope (6, 16, 22, 23, 26, 32, 34) . Reconstituted systems have been prepared by lysing isolated whole chloroplasts followed by recombining the separated membranes with the soluble components. Prepared in this way, the reconstituted preparations contained low levels of primers (reductive pentose-P cycle intermediates) and cofactors depending upon the amount of soluble material added back to the membranal fraction.
Regulation of the photosynthetic carbon reduction cycle with reconstituted chloroplast systems has been studied in several laboratories. These studies have established the reconstituted chloroplast system as a useful research tool to elucidate questions not readily resolved with the intact chloroplast due to a permeability barrier imposed by its envelope (6, 16, 22, 23, 26, 32, 34) . Reconstituted systems have been prepared by lysing isolated whole chloroplasts followed by recombining the separated membranes with the soluble components. Prepared in this way, the reconstituted preparations contained low levels of primers (reductive pentose-P cycle intermediates) and cofactors depending upon the amount of soluble material added back to the membranal fraction.
Preparations of this kind were reported to fix CO2 at rates approaching 20o of that of a system to which a primer such as PGA 'Supported by National Science Foundation PMC 76-82157 and Department of Energy 10-EY-76-5-02-323 1. 2Present address: Department of Biochemistry, University of Wisconsin, Madison, WI 53706. had been added (6) .
We report here a method of preparing a reconstituted chloroplast system capable of photosynthetically fixing CO2 in which the carry-over ofsoluble components is minimal and fixation is strictly dependent on primer. Depending upon the MgC12 concentration in the rupturing fluid and the added primer, a particulate fraction termed the MgC12-broken chloroplast particle is obtained which, in the absence of added stromal protein, can assimilate CO2 yielding the intermediates of the photosynthetic carbon reduction cycle. This light-dependent system capable of fixing CO2 in the order of 1 to 20 ,umol/mg Chl-h, depending upon primer and cofactors may be a useful adjunct to the reconstituted systems previously studied. We have characterized light-dependent CO2 fixation in this particulate preparation with respect to products formed, primers, pyridine nucleotides, adenylates, and ferredoxin.
MATERIALS AND METHODS Plant Material. Spinacia oleracea (var. America) leaf tissue was obtained from plants grown in a vermiculite-soil mixture in a growth chamber maintained at 20°C during the light period (12 h ) and 16°C during the dark period. Plants were also purchased from local markets.
Preparation of MgP' and MgS. Whole chloroplasts were prepared using a modification of the method of Gibbs and Robinson (14) . Spinach leaves (12-15 g ), deveined and diced, were homogenized in a VirTis blender with 50 to 60 ml chilled medium containing 50 mm Hepes-NaOH (pH 6.8), 5 mm disodium EDTA, 1 mM MgCl2, 1 mm MnCl2, 1 mm Na4P207, and 0.33 M sorbitol. Homogenization (including acceleration time) was carried out for 6 s at 50%o full-line voltage, and the homogenate was filtered through two layers of Miracloth. The fitrate was centrifuged at 755g for 50 s. The pellet (whole chloroplasts) was resuspended in 50 ml of a medium containing 50 mm Hepes-NaOH (pH 7.0) and 0.33 M sorbitol. The washing step was included to minimize the carry over of cytoplasmic enzymes and inorganic ions, especially Mg +. This suspension was recentrifuged at 755g for 50 s, and the resulting pellet was osmotically disrupted with 5 ml medium containing 50 mM Tricine-NaOH (pH 8.5) and varying concentrations of MgCl2 (0-50 mM) for 10 min. The osmotically disrupted MgClrtreated chloroplast preparation was then centrifuged at 12,000g for 10 min. The resulting pellet was resuspended in 5 ml disruption medium and is designated as MgP, whereas the supernatant fraction containing the soluble components is referred to as MgS. MgP prepared in 15 mm MgCl2 by electron microscopy appeared to be lacking the outer membranes, whereas the lamellae and granal structures remained intact. Structurally, MgP would be consistent with a type C chloroplast (15) . At higher MgCl2 concentrations, a few apparently intact chloroplasts remained.
Enzymic Assays. With the exception of RuBP carboxylase, enzymic activities associated with MgP and MgS were monitored on a Gilford 2400 spectrophotometer. Assays were carried out in a 2.0-ml cuvette containing 20 ,ul of the MgP and MgS preparations. Triose-P isomerase, FBP aldolase, FBPase, R5P isomerase, PGA kinase, G3P DHase (NAD), G3P DHase (NADP), transketolase, glucose-6-P isomerase, transaldolase, and F6P kinase were estimated employing published procedures (7) . RuBP carboxylase was assayed by the "4CO2-fixation procedure (9, 14) . Biochemicals and Enzymes. All biochemicals and enzymes were purchased from Sigma. Ferredoxin was partially purified from spinach leaves according to the method of San Pietro and Lang (30) with an A420/A276 ratio of 0.17.
RESULTS
Enzyme Activities in MgP and MgS. The activity of each enzyme associated with MgP increased with increasing concentration of MgCl2 used for the preparation, whereas the opposite occurred with respect to MgS (Table I) . With PGA kinase, triose-P isomerase, FBP aldolase, alkaline FBPase, and glucose-6-P mutase, the ratio of enzyme activity associated with MgP to MgS was 5.6, 6.0, 7.4, and 14.6-fold higher in the particle resulting from rupturing in 50 mM MgCl2 then in its absence. The total activity (MgP + MgS) of each enzyme remained fairly constant despite the change in the MgP:MgS ratio. These data indicated that the increase in MgP enzymic activities was not the result of an activation of the individual enzyme per se, but rather was due to decrease in the amount of activity associated with the concomitant MgS preparation.
To illustrate this point more clearly, two enzymes, FBP aldolase and PGA kinase, were examined more closely (data not shown). It is currently envisaged that association between enzymes of the photosynthetic carbon reduction cycle and the thylakoids does not exist and that intermediates of the carbon cycle diffuse between the enzymes with sequence determined by enzyme specificity similar to glycolysis. It was therefore of interest to determine whether the enzymes remained on the particle during CO2 assimilation. This was tested by varying MgP with the volume of medium used for CO2 assimilation and assaying PGA kinase and aldolase remaining on the particle and in the medium (Table II) . Roughly 70 to 80%1o of the two enzymes were removed immediately from the particulate matter and this value did not increase with time. Increasing the volume of reaction fluid to MgP did not affect enzyme distribution.
Light-Dependent 14CO2 Fixation and MgC12 Concentration. It was shown in Table I that increasing the MgCl2 concentration during the preparation of MgP increased the enzymic activities associated with the particle. This suggested that the rate of CO2 Light intensity was 1,000 w/m2 and the temperature was 25°C. fixation should follow a similar trend. In both experiments recorded in Table III , we observed that the rate of photosynthetic CO2 fixation increased 6-to 7-fold when the MgCl2 concentration was raised from 0 to 30 mm.
Effect of Primer, pH, and Pi on CO2 Fixation. The time course of CO2 fixation by 15 mm MgP was found to depend upon primer and the nature of the primer (Fig. 1) . In both PGA-and FBPprimed preparations, the rate increased with time, whereas with R5P, the initial high rate fell off approaching that of the FBPprimed system. The equimolar mixture of FBP and F6P essentially eliminated the lag in CO2 fixation observed in the FBP-and PGAprimed systems. FBP consistently gave a rate of 2-to 4-fold higher than PGA and this rate eventually approached that of the FBP + F6P primed preparation. F6P (2 mM) did not function as primer.
The dependency of fixation on the primer concentration is given in Figure 2 . (Fig. 3) . Therefore, all experiments involving the assimilation of CO2 were carried out in a medium buffered to pH 8.5 . Figure 4 illustrates mM resulted in inhibition with respect to the optimum rate. On the other hand, ATP (Fig. 6) and AMP (Fig. 7) had little effect when R5P was primer, but on the whole were strongly inhibitory when added to the FBP and PGA-primed preparations. Concentrations of NADP up to 1 to 2 mm were optimal, while higher concentrations severely inhibited fixation in the presence of FBP and PGA (Fig. 8) . NAD at 5 mm was optimal with PGA-and FBP-primer preparations (data not shown). Similar to NADP, at concentrations higher than 5 mM, NAD was inhibitory.
Fixation of CO2 with PGA as primer was ferredoxin-dependent, but the optimal concentration depended upon the level of NAD (Fig. 9) and NADP (Fig. 10) . For instance, with NAD as cofactor, the optimum JiM concentration of ferredoxin was 20 and 4 at 0.5 and 5 mm NAD, respectively. These values were 15 and 7 uM ferredoxin in the presence of 0.5 and 5 mm NADP, respectively.
In general, CO2 fixation was most responsive to the nucleotides (Figs. 5 through 8 Figure 1 except NAD replaced NADP Chl was 163.5 ,ig and primer was 2 mm PGA. metabolism of FBP but only the bisphosphatase appears to be subject to regulation (3, 8) . Therefore, F6P, the product of the FBPase reaction and a compound which alone did not affect CO2 fixation, was added to a FBP primed preparation. To a considerable extent, the addition of F6P relieved the inhibition caused by NADP, ADP, and ATP, whereas the inhibitory effect of AMP was indifferent to the F6P (Table IV) .
Products of Light-Dependent 14CO2 FiXation as Effected by Primer. Table V lists the acid-stable 14C-labeled products resulting from '4C02 fixation. With all three primers, 90%o of the label was found in PGA, triose-P, and hexose mono-P. The isotope was fairly evenly distributed among PGA, triose-P, and hexose mono-P in the early period, but over 50o of the label was found in PGA in the later time periods in both the PGA-and FBP-primed preparations. With R5P as primer, over 75% of the label incorporated was found in PGA as early as Figure 1 except NADP was changed as indicated. Chl was 128.3 ,ug and the primer was 2 mm PGA. increased with time. The amount of label in triose-P and FBP did not increase with the time when PGA primed the preparation and increased in a much slower rate than other sugar phosphates in the FBP primed system, thus causing a fall in the % label when expressed as a percentage of the total isotope fixed. DISCUSSION MgP and Associated Enzymes. We have shown that the concentration of MgCl2 in the fluid used to disrupt whole chloroplasts has a considerable influence upon the distribution of enzymes of the photosynthetic carbon reduction cycle between the particulate and soluble fractions. Enzyme activities associated with the particulate fraction increased with the higher levels of MgCl2 (Table  I ). The resulting particle was able to assimilate CO2 without additional stromal material albeit at a low rate when compared to reconstituted systems prepared by recombining the separate membranes with the soluble components (6, 31, 35) . Nonetheless, this kind of preparation can serve a useful purpose, especially with respect to primer and cofactor functions since these materials have been lost during the isolation of the particle and the CO2 fixation can be shown to be restored by their addition.
The value of MgP/MgS at 15 mM MgCl2 was about 1.0 to 2.3. If the enzymes had remained on the particulate matter, a rate of 20 to 30 pmol CO2 fixed/mg Chl * h or roughly 50%o the rate of the parent intact chloroplasts would be expected. The rates we consistently obtained with the PGA-and FBP-primed systems were on the order of 1 to 6 ,umol CO2 fixed/mg Chl h, which follow very closely those reported for reconstituted preparations low in stromal protein. We suspected that the enzymes did not remain organized on the particulate matter, but rather were strongly diluted in the reaction fluid and this notion was fulfilled by the data represented in Table II . Confirmation was received since reinforcing MgP with soluble stromal fluid increased the rate of PGA-dependent CO2 fixation to levels as high as 80 pmol/mg Chl.
h.
Some information on the influence of MgCl2 on the properties of chloroplastic membranes has appeared. During the course of the preparation of chloroplast envelopes, Douce et al. (12) observed that the presence of MgC12 caused a co-sedimentation of stroma lamellae and grana. The addition of MgCl2 also helped to stabilize thylakoid stacking. Funkhouser (11) reported that MgC12 made thylakoids more sticky during their isolation. With respect to enzymic interaction with membranal preparations as effected (17, 33) have been able to bind glycolytic enzymes such as glyceraldehyde-3-P dehydrogenase to EDTA-or saline-washed ghosts. The binding of these enzymes to the ghosts appeared to be site-specific and was highly affected by media ionic strength. Low ionic strength of KC1, NaCl, or MgSO4 facilitated high binding efficiency.
In contrast to the literature reports with erythrocyte ghosts, the association ofphotosynthetic carbon reduction cycle enzymes with the chloroplastic particulate matter increased at the higher MgC12 concentrations. With respect to other salts, CaC12 at 50 mm was roughly one-third as effective as 50 mm MgCl2 while 50 mm KC1 was ineffective with respect to the enzymic binding. Our attempts to bind the enzymes of MgS reversibly to MgP were not successful.
Primers. The rates and kinetics of CO2 fixation were very clearly affected by the primer (Fig. 1) . The highest rates ranged from 1 to 2, 3 to 6, 5 to 8, and 15 to 20 ,umol/mg Chl-h in the PGA, FBP, FBP + F6P, and R5P primed reaction mixtures. In the presence of R5P, the highest rate was observed in the initial 5 min and then fell-off with time despite an excess of primer. In contrast, on addition of FBP there was a decided lag before CO2 fixation approached its maximal level while the PGA-primed system did not attain a steady state up to 30 min.
FBP must undergo loss of phosphate from C-1 catalyzed by FBPase and cleavage into triose-P in the aldolase reaction prior to giving rise to pentose-P, the substrate for the carboxylative sequence. There is convincing evidence that FBPase is the pacemaking enzyme in reconstituted systems (31, 35) and perhaps in the intact chloroplast. If FBPase was rate-limiting the regenerative phase of the reductive pentose-P cycle in our preparation, then a mixture of FBP + F6P should decrease or eliminate completely the lag and this is illustrated in Figure 1 .
In contrast to systems reconstituted by fortifying thylakoidal material with stromal protein, F6P per se did not prime CO2 fixation by MgP (data not shown). The missing factor was presumably triose-P which is present in sufficient concentration in the stromal protein fraction to accept the 2-carbon piece derived from F6P in the transketolase reaction.
The time course of CO2 fixation presented in Figure 1 differed to a considerable extent from those obtained with reconstituted preparations prepared by conventional methods where linear rates were generally attained on the addition of primer. The length of the lag in our preparations was not only affected by the nature of the primer but the results with FBP + F6P also indicated an apparent deficiency of stromal protein and particularly of FBPase. This deficiency of stromal protein was confirmed by increasing the stromal to lamellar ratio of unity used routinely in this study to 50 to 1 resulting in a rate of PGA-dependent CO2 fixation approaching that reported by Bassham et al. (6) and with linear kinetics.
CO2 fLxation reached maximal activity in preparations primed with 2 mm FBP or 2 mm PGA (Fig. 2) . Higher concentrations were inhibitory. PGA and FBP at 10 mm have been reported to inhibit RuBP carboxylase but the findings have been inconsistent (5, 6, 25) . PGA at 2 mm inhibits CO2 fixation in the intact spinach chloroplast but this effect was due to a counterexchange of Pi catalyzed by the phosphate translocator ofthe envelope membrane (2) . If the translocator were functioning in MgP, higher levels of Pi would be expected to inhibit CO2 fixation by the counterexchange of PGA. This was not observed (Fig. 3 ) and is consistent with our microscopic evidence indicating the absence of intact chloroplasts. Photosynthetic control observed in this study by intermediates of the reductive pentose-P cycle must be viewed with caution because of the unrealistically high concentrations (10 mM) required (25) .
pH. In the PGA-and FBP-primed preparations, maximal activity was reached at pH 8.5 with little fixation at pH 7.0 while in the R5P fortified system, the maximal rate was achieved at pH 8.0 and fixation at pH 7.0 was already roughly 25% of that maximum (Fig. 4) . The sensitivity of RuBP-carboxylase to pH has been described (24, 36) and probably accounts for the pH 8 optimum in the R5P-primed reaction. To account for the upward shift in the pH optimum when FBP or PGA were added probably reflects the kinetic property of FBPase in regulating "CO2 fixation (3, 5) .
Adenie Nucleotides. The maximum rates of CO2 fixation, depending upon the primer, was achieved by the inclusion of 0.5 to 2.5 mm ADP (Fig. 5 ) and approximately 0.5 to 1 mm NADP (Fig. 8) . These levels are many-fold higher than that commonly used to fortify reconstituted preparations (23) but are consistent with the nucleotide concentrations reported by Heber and Santarius (18) for spinach chloroplasts isolated by a nonaqueous procedure. The 'carry-over' of ADP and NADP with the stromal protein may reflect the lower requirement of these compounds in the reconstituted preparations hitherto characterized.
The concentration profiles by the adenylates (Figs. 5 through 7) and NADP (Fig. 8) indicated two regulatory sites, namely, the reduction of PGA to G3P and the formation of F6P from FBP.
The reduction of PGA to G3P is catalyzed by PGA kinase and the NADP-G3P dehydrogenase with 1,3-diphosphoglycerate as the intermediate common to the two reactions. The reductive sequence would be subject to regulation by the ATP:ADP and the NADPH:NADP ratios due to the readily reversible equilibrium of PGA kinase and G3P dehydrogenase, respectively. Indeed, control of the PGA kinase reaction by changes in the ADP concentration has been established by Walker and his associates (31, 35) and they have suggested that the chloroplastic ADP content is a critical factor in photosynthesis. In our preparations primed with PGA (Fig. 5) , CO2 fixation was extremely sensitive to the ADP concentration and was already inhibited by 0.5 mm ADP. Low concentrations of AMP (<I mM) caused considerable inhibition which may reflect the reported competition of AMP with ATP (29) . Concentrations of ATP up to 5 mm (Fig. 6) had relatively little effect, indicating that ATP was not a factor under these conditions endorsing the proposal of Slabas and Walker (31) that the ADP rather than the ATP concentration was the more important regulator of carbon flow.
Similar to ADP, CO2 fixation in the PGA-primed system was interrupted by increasing levels of NADP and inhibition was detected at a concentration of 1 mm NADP (Fig. 8) . Clearly the two-step reduction of PGA to G3P was adversely affected by high ATP:ADP and NADP:NADPH ratios. Since the inhibitions observed for high concentrations of NADP or ATP were apparently due to the two highly reversible enzymic steps, this inhibition should be relieved in the light with time accompanied by decreasing ATP:ADP and NADP:NADPH ratios as consumption and regeneration of these cofactors reached a steady-state (21) . This was observed (data not shown) but AMP remained effective with time indicating an irreversible kind of impairment.
In contrast to PGA, FBP need only enter the regenerative and carboxylative phase of the reductive pentose-P cycle in order to affect CO2 fixation. Nonetheless, ADP, ATP, AMP, and NADP inhibited the uptake of CO2 in preparations primed with FBP consequently indicating a site(s) regulated beyond the conversion of PGA to FBP (Figs. 5 through 8 ). CO2 fixation in the PGAprimed preparations appeared more sensitive to increasing concentrations of ADP and NADP; AMP was roughly equivalent while ATP was a more adverse inhibitor when compared to reaction mixtures fortified with FBP. With respect to the control, the effectiveness of NADP, ADP, and ATP but not of AMP decreased with time in the presence of FBP (Table IV) . Inclusion of an equimolar concentration of F6P to the preparations primed with FBP relieved the inhibition of ADP, ATP, or NADP, indicating that the dephosphorylation of FBP is affected by these nucleotides (Table IV) . Whereas FBPase from the spinach chloroplast is inhibited by MgATP2 and MgADP2 (27) , the effect of NADP does not appear to have been reported. The high concentration of NADP may contribute to a delay in the activation of FBPase by decreasing the level of reductant required to modulate the enzyme (8) .
AMP was shown in Figure 7 and Table IV (28) to question the exclusivity of NADP during photosynthesis. Our data presented in Figure 9 tend to endorse their notion that under conditions of low ferredoxin (1-2 pM) and rate-limiting stromal protein, rates of CO2 fixation in preparations fortified with NAD could compare favorably with those to which NADP was added (Fig. 10) . However, the ferredoxin concentration in the chloroplast has been determined to be of 1 mm (23) , and in a reconstituted system containing a large excess of stromal protein, NADP would be expected to be the preferred electron acceptor allowing the NAD to be reserved for starch breakdown by the glycolytic pathway.
Distribution of 14C in Metabolites. In the PGA-fortified preparation (Table V) , the distribution of '4C within the intermediate compounds of the reductive pentose-P cycle followed that reported by Bassham et al. (6) for preparations enriched in stromal protein with respect to Chl. Even under our conditions where stromal protein was apparently in short-supply, the reduction of PGA to triose-P and the reaction catalyzed by FBPase did not appear to be rate-limiting, inasmuch as there were substantial amounts of radioactivity in the hexosemonophosphates with low levels in FBP and triose-P.
There was a similar distribution of 14C with FBP as primer with the exception of an increase of label in the FBP fraction presumably due to isotope 'trapping' by the unlabeled starting primer. In preparations fortified with R5P, the most interesting feature is the relatively high level of "C starch when compared to the hexosemonophosphates. This shift in isotopic distribution is presumably the result of an excess of pentose monophosphate favoring fructose-6-P formation in the transketolase reaction and thus forcing the flow of hexose monophosphates toward starch (13) and away from RuBP formation (31) .
Finally, in contrast to substantial amounts of radioactivity located within the intermediates of the reductive pentose-P cycle, relatively low levels of "C were found in starch or glycolate, 
